Scientists gathered to discuss the necessity, feasibility, and challenges of generating a quantitative catalog of the components in human cells that is essential for our understanding of human physiology in health and disease and to support future breakthroughs in treating diseases. This report summarizes the discussion that emerged at the Human Quantitative Dynamics Workshop held in Bethesda, MD, USA, in December 2015.
Going from genotype to phenotype requires a full understanding of cell and organ function. Reactions between molecular components of cells drive fundamental processes, such as growth, differentiation, and homeostasis. We need comprehensive quantitative data about the molecular components of cells, in terms of their concentrations and kinetic interactions, to connect genomic and epigenomic characteristics to cellular, tissue, and organ functions. Quantitative molecular data can produce transformative knowledge that revolutionizes our understanding of human physiology. A workshop supported by the National Institute of General Medical Sciences (1) brought together experts in experimental highthroughput technologies, informatics, and modeling to discuss how to obtain a quantitative catalog of human cells.
The grand vision is to catalog the absolute amounts of all cellular constituents and their rates of reactions in all cell types in the human body and then determine how these components and reactions change in healthy and disease states. Such a catalog will enable computable models of various cell types, which serve as a step for building precise predictive models of organ physiology. With these predictive models, we can understand how molecular changes drive physiology from healthy to disease states and the effects of drug therapy. A comprehensive catalog of all human cell types may not yet be achievable; however, we could start with the catalog with detailed information of a few cell types, like beating cardiac myocytes or insulin-secreting pancreatic cells. These cells have already been extensively studied, and there is sufficient previous knowledge to use these as the models for developing plans for a comprehensive cataloging project. Furthermore, the ability to create these cell types in functionally active forms from inducible pluripotent stem cells (iPSCs) (2) enables their large-scale production that is necessary for the success of such a cataloging study. Because iPSCs are obtained from individual human subjects, cells from the same individual can also be used for genomic, epigenomic, transcriptomic, proteomic, and metabolomic characterization, thereby connecting genomic and epigenomic data to the biochemical molecular data in a precise and reproducible manner.
For the catalog, data on proteins, metabolites (such as nucleotides, lipids, and sugars), and ions are needed. Because the proteins within a cell define the cell's characteristic features, the identification and quantification of all proteins in a cell are essential. A starting point is to exhaustively identify and quantify the mRNAs in the selected cell types. These measurements can be integrated with data in other mRNA databases, such as GTEx (Genotype-Tissue Expression) (3) and ENCODE (Encyclopedia of DNA Elements) (4), and serve as a basis for assessing the correlation between mRNA and protein abundance within the cells.
Not only are the protein composition and abundance in a cell critical for the catalog but also the protein-protein interaction data, posttranslational modification information, and protein complexes data. Advances in protein mass spectrometry enable the identification and quantitative measurement of most proteins in a cell type (5), the quantification of posttranslational modifications, and the assessment of protein complexes. Protein-protein interaction data and the kinetic parameters associated with all interactions in the cells of interest are needed, and the proteome-scale project on protein-protein interactions for human proteins makes this feasible (6). Protein-protein interactions often involve discrete regions (domains) within proteins; hence, current methods to quantify domain interactions (7) can be leveraged to obtain steady-state affinity measurements and forward and reverse rate constants. Although technology development and adaptation are needed to obtain proteome-wide kinetic interaction data, the basic methodologies are available and can be readily extended. Mass spectrometry and antibody-based methods can also be used to assess posttranslational modifications, as well as the composition and stoichiometry of protein complexes (8) . Measuring of enzyme activities in a high-throughput manner in which activities of multiple enzymes are simultaneously measured remains a challenge; however, the use of stable isotope-labeled substrates in metabolomic analyses combined with appropriate informatics enables the quantification of enzyme activities, the estimation of kinetic parameters, and the dynamics of metabolic pathways (9) .
There are numerous classes of metabolites. Cataloging and quantifying all of them may not be feasible initially. Identifying and quantifying metabolites involved in key cellular functions in the cell type of interest is a logical start. LIPID Metabolites and Pathways Strategy and the National Institutes of Health Common Fund Metabolomics Projects have made great strides in quantifying and identifying metabolites by mass spectrometry and nuclear magnetic resonance; these data can be leveraged for the quantitative catalog. Correlating the metabolite data with the measurements of enzyme activities can produce a comprehensive picture of the dynamics of biochemical pathways. Data on the interactions of metabolites with proteins are required. Protein-lipid interaction studies (10) can inform technologies for high-throughput data gathering for interactions of proteins with other small molecules. Reagents for quantifying important ions are available and can be used to gather this information.
The informatics challenges for a quantitative catalog are many. Each data type needs to be cataloged in a consistent manner, and there has to be interoperability across data types. For this, a "smart" database that learns and flags inconsistencies during data input and integration is needed. The data could be organized modularly as pathways and networks, because such modules can be used in graph theory modeling and in statistical and dynamical models to perform predictive simulations of cell functions. A successful catalog will have fully organized and functionally annotated lists of the biochemical and biophysical properties of all cellular proteins and components and their participation in reactions to produce cell-level functions, such as action potentials and contractility in myocytes or glucoseregulated insulin secretion in pancreatic cells. Such reactions can be readily assembled into pathways and subnetworks and can be used as modules to build larger-scale, well-constrained dynamical models that, when integrated with genomic and epigenomic information, will enable computer-based algorithms for precision medicine by coupling clinical phenotyping to cellular mechanisms. For long-term sustainability, it is paramount that this catalog use existing data repositories when possible.
The consensus at the workshop was that there are sufficient individual technologies to serve as a base for the Quantitative Encyclopedia of Human Cell Components for a selected set of human cell types. Model organisms, such as yeasts or worms, could serve as catalysts for the development of new technologies. The workshop involved a limited number of participants, and because a project of this scale may require a global endeavor, greater outreach and engagement of various research communities will be important.
